The Tetrahymena ribozyme has been shown to catalyze an RNA polymerase-like reaction in which an RNA primer is extended by the sequential addition of pN nucleotides derived from GpN dinucleotides, where N = A, C, or U. Here, we show that this reaction is influenced by the presence of a template; bases that can form Watson-Crick base pairs with a template add as much as 25-fold more efficiently than mismatched bases. A mutant enzyme with an altered guanosine binding site can catalyze template-directed primer extension with all four bases when supplied with dinucleotides of the form 2-aminopurine-pN.
Our interest in the possible role of RNA replicases in the origin and early evolution of life (2, 5, 8, 12, 16, 24) led us to examine the extent to which a template can direct the incorporation of mononucleotides in a primer extension reaction catalyzed by the Tetrahymena ribozyme (1) . The primer extension reaction involves nucleophilic attack by the 3' hydroxyl group of an oligonucleotide primer on the phosphate of a GpN (where N = A, C, or U) dinucleotide. This reaction extends the primer by one nucleotide and releases the guanosine nucleoside (Fig. la) . Each addition is analogous to the second step of self-splicing (6) , in which the primer represents the 5' exon and is extended by a singlenucleotide 3' exon (17) . This primer extension reaction is also analogous to protein-catalyzed RNA and DNA polymerization in that the 3' end of the growing chain is extended by successive additions of mononucleotides, with guanosine as the leaving group instead of pyrophosphate.
Template-influenced primer extension. The original primerextension system studied by Been and Cech (1) did not include a uniquely defined template base that could interact with the incoming nucleotide. We tested the possibility that such a template base might influence the primer extension reaction by adding a template region just 5' of the primerbinding site, as illustrated in Fig. la . In our scheme, the primer can anneal with the primer-binding site in only one way; since the primer cannot slide along the template, it is possible to examine the influence of a single template base.
Four ribozymes that differed in the template base were incubated with dinucleotide and labeled primer, with enzyme in large excess over primer (Fig. lb) . All four ribozymes begin with pppG, followed by the indicated template base, followed by the primer-binding site, followed by the catalytic core (bases G27 to G405 in reference 7) of the wild-type Tetrahymena intron. These ribozymes were generated by runoff transcription of plasmid templates that were linearized at an EcoRI site inserted immediately after the position corresponding to G405 of the wild-type intron. Plasmids were constructed by polymerase chain reaction mutagenesis (21) , and transcription and purification of ribozymes were as previously described (19) . Primer was transcribed from a single-stranded oligonucleotide template * Corresponding author. (20) . Dinucleotide initiation (22) with 4 mM GpC and abortive cycling (18) were employed to increase primer yield. Primer was gel purified, end labeled, and gel purified again. Primer sequence and purity were confirmed by RNase sequencing and ion-exchange high-performance liquid chromatography (HPLC). Dinucleotides (Sigma) were purified by reverse-phase HPLC.
The variation in the rate of addition of pA, pC, and pU across from the four possible template bases (Fig. lb) shows that the template can indeed influence the base that is added. For example, when the template base is U, the primer is extended much more efficiently in the presence of GpA than in the presence of GpC or GpU. In each case, the base that can form a Watson-Crick match with the template adds the most rapidly. Use of single-turnover conditions (enzyme in large excess over primer) simplifies the interpretation of these experiments, since the rate of product release, which would be expected to vary depending on whether a matched or mismatched nucleotide was added, can no longer affect the observed rate of the reaction.
The number of nucleotides added to the primer varies with different template and dinucleotide combinations (Fig. lb) . After pC or pU adds across from a G or A template nucleotide (to form a Watson-Crick or wobble base pair), a second pC or pU can add across from the next template base (G). However, when pA adds across from pU, a second pA is not added. In the presence of both GpA and GpC, efficient primer extension by two nucleotides is observed (Fig. lc) , presumably because of copying of the template and extension of the primer by 5'-ApC-3'.
Kinetic parameters of fidelity. To understand the observed preference for primer extension with Watson-Crick base pairs, we determined the kinetic parameters governing this reaction. This analysis is simplified by use of preformed ribozyme-primer complex (E-Primer). The observed rate of the reaction becomes first order when preformed E-Primer complexes are used, since the rate depends on the binding of only one of the substrates, the GpN dinucleotide. Saturating the primer with enzyme before and during the reaction also eliminates the possibility that GpNs might differentially affect primer binding.
The affinity of the primer for the primer-binding site of the enzymes used in our initial studies was too low to permit efficient formation of the EPrimer complex by ribozyme saturation of the primer. To increase the affinity of the enzyme for primer, the primer-binding site was changed from 3'-GGAAUG-5' to 3'-CGAAUG-5', thus increasing base pairing with the primer from five to six base pairs. This change decreases the dissociation constant (Kd) for primer to 50 nM (data not shown), well below the enzyme concentration of 500 nM during preincubation and 250 nM during the reaction. An additional G was also added to the 5' end of the ribozyme to improve the efficiency of in vitro transcription. These changes were introduced by using polymerase chain reaction mutagenesis (21) , and amplified DNA with these changes was transcribed directly. These changes do not affect the fidelity of the primer extension reaction.
Single-turnover reactions of preformed E-Primer complexes and GpN substrates simplify to the following scheme: and GpU substrates (Table 1) . Initial velocities were determined at six substrate concentrations ranging from 0.25 to 4.5 mM. Reaction conditions and sample analysis were as in the legend to Fig. 1 , except that ribozymes were preincubated with primer for 5 min prior to dinucleotide addition. Pulse-chase experiments confirmed that primer-binding equilibrium was established within 5 min.
For both templates, the Kms for matched GpNs are lower than the Kms for mismatched GpNs ( Kds in these experiments is unlikely. For example, if k.n for dinucleotide substrate was only 106 M-1 min-', 104 below the diffusion limit, a Kd of 1 mM implies an off-rate of 103 min-1, which is still more than 100-fold faster than the average kcat.
The differences in Kms imply differences in binding energies for matched versus mismatched substrates of -0.3 and -0.7 kcal/mol for -U-and -A-templates, respectively. These differences are similar to the differences in stability observed between matches and mismatches at the ends of RNA helices. A 3'A:5'U terminal match adjacent to a 3'C:5'G base pair is only 0.7 kcallmol more stable than a U:U terminal mismatch (26; corrected to 25°C according to reference 11). The stability of an A:A terminal mismatch has not been measured adjacent to 3'C:5'G but is thought to be about 0.3 kcal/mol less than that of the 3'U:5'A match (25a). Although one would not necessarily expect a mismatched N of GpN to interact with the primer and template in the same way as a 3' dangling nucleotide, the correspondence of the observed values to those calculated in reference 26 make such a model plausible.
Preferential binding of matched dinucleotide substrates does not completely explain the observed fidelity; there is a 10-fold higher kcat with the GpA substrate and the -Utemplate than with the mismatched GpU substrate ( Table 1) . The different kcatS point to a more efficient chemical step (or possibly stabilization of an associated conformational change) with the matched substrate. Interactions of the bound dinucleotide with the template may differentially stabilize the transition state by positioning the phosphate of the dinucleotide relative to the 3' hydroxyl group of the primer and the catalytic groups of the enzyme. This kcat contribution to fidelity is intriguing given the fact that the analogous position in the wild-type Tetrahymena intron (the Fig. lc) . In all subsequent experiments, dinucleotides were tested individually at concentrations at least 40-fold below the Km for the matched combinations in Table 1 .
Testing dinucleotides individually rather than in competition allows straightforward product analysis, especially when the primer has been extended by more than one base.
We examined the effect of temperature on the fidelity of the primer extension reaction ( Extension by all four nucleotides. We were unable to examine primer extension by pG in the above experiments because cleavage reactions predominate during incubation with GpG, presumably due to the 3' rather than the 5' G occupying the ribozyme G-binding site. However, a mutant form of the Tetrahymena ribozyme core binds 2-aminopurine much better than it binds G (19) . Use of this mutant ribozyme together with 2-aminopurine(3'-5')guanosine dinucleotide (XpG) allows primer extension with G. The fidelity of primer extension can thus be assayed with all four XpNs and all four template bases (Fig. 2) . With each template the Primer extension by ribozymes with altered G-binding sites and XpN dinucleotides. Ribozyme (500 nM) with the A264:U311 G-binding-site mutation (19) was incubated at 25°C with 1 nM labeled primer-20 mM MgCl2-50 mM Tris-HCl (pH 7.4) and 50 ,uM of the indicated dinucleotide, when present. Enzyme and primer were preincubated at 25°C for 5 min prior to the reaction. Aliquots were removed from the reaction mix at 1, 3, and 6 h. The gel fragments shown are from the 3 h (C, G, and U templates) and 6 h (A template and no template) time points. Rates of extension are in italics. These rates were normalized to the rate for each Watson-Crick match, and fidelity coefficients were calculated as in Table 2 . Ribozymes were generated as described in the text. The no-template ribozyme has no bases 5' of the primer-binding site. XpNs were synthesized by coupling a protected 2-aminopurine riboside phosphoramidite (9) to a protected base on a solid support (Milligen; Biosearch). XpNs were purified by reverse-phase HPLC. primer is preferentially extended by the dinucleotide creating the Watson-Crick match. The relative rates of primer extension show that Watson-Crick matches are preferred 3-to 25-fold over each of the nonwobble mismatches and 2-to 14-fold over the wobble mismatches. XpA and XpG are preferred with no template. Purines exhibit stronger stacking interactions than pyrimidines, so pA and pG would be expected to add fastest in the absence of a template if part of the dinucleotide binding energy comes from stacking of the 3' nucleotide on the helix formed by the primer and the primer-binding site. The rates of extension with XpA and XpG are slower with the -A-template than with no template, indicating that the template can interact not only positively with matched XpNs but also negatively with mismatched dinucleotides.
The observed fidelity varies greatly with the identity of the template base, ranging from 0.82 with -C-as a template to 0.48 with -A-as a template. The average fidelity of the primer extension reaction calculated from the data in Fig. 2  is 0.65; i.e., if all four XpNs were available, a primer would extend with the nucleotide creating a Watson-Crick match 65% of the time and would extend with each of the three nucleotides creating mismatches about 12% of the time. Although the Km of the AU mutant ribozyme for 2-aminopurine riboside (X) is 10-fold higher than the Km of the wild-type ribozyme for guanosine (19) , the fidelity seen with XpNs is similar to that observed with GpNs examined under the same conditions. The simplest interpretation of this result is that the binding of all XpNs is decreased uniformly relative to the binding of GpNs, so that matched XpNs have the same relative advantage over mismatched XpNs that matched GpNs have over mismatched GpNs.
In contrast to the uniform effect of the leaving group of the dinucleotide (X or G), the identity of the last primer-template base pair is likely to have a strong effect on fidelity. Model studies with oligonucleotides indicate that the average AAG of helix stabilization due to the addition of a base pair as opposed to a mismatch is greatest following 3'G:5'C, less following 3'C:5'G, and least following 3'A:5'U and 3'U:5'A (26) . Assuming that dinucleotide binding follows these trends, the Km contribution to fidelity would depend on the previous primer-template base pair, with G:C > C:G > (A:U, U:A). In our experiments, the last primer-template base pair was always a C:G.
A true RNA replicase would have to be able to copy an external template (a template that is not part of the replicase molecule). We have found that primer extension on an external template, while detectable, is 104-fold slower than when the enzyme is linked to the template. This is presumably due to the inefficient formation of the enzyme-templateprimer-dinucleotide complex. Though higher than the 0.25 fidelity of polymerization expected from random extension, the observed fidelity of primer extension catalyzed by the Tetrahymena ribozyme is far lower than that required for an RNA replicase. Our results are consistent with the earlier results of Orgel and colleagues (4, (13) (14) (15) 
